Abstract Blood biomarkers may improve the performance in predicting early stroke outcome beyond well-established clinical factors. We investigated the value of growth-differentiation factor-15 (GDF-15) to predict functional outcome after 90 days in a prospectively collected patient cohort with symptoms of acute ischemic stroke. Two hundred eighty-one patients with symptoms of acute ischemic stroke were prospectively investigated. Serial blood samples for GDF-15 analysis were obtained after the admission of the patient, after 6 and 24 h. Primary outcome was the dichotomized modified ranking scale (MRS) 90 days after the initial clinical event. Within the final study population (264 patients, mean age 70.3 ± 12.7 years, 55.3% male), National Institutes of Health Stroke Scale (NIH-SS) [odds ratio (OR) 1.269, 95% confidence interval (CI) 1.141-1.412, p \ 0.001] and initial GDF-15 levels (OR 1.029, 95% CI 1.007-1.053, p = 0.011) were independently associated with a MRS C 2 after day 90 after multiple regression analysis. Growth-differentiation factor-15 levels increase with higher NIH-SS-tertiles (p = 0.005). Receiver-operator characteristic curves demonstrated a discriminatory accuracy to predict unfavourable stroke outcome of 0.629 (95% CI 0.558-0.699), 0.753 (95% CI 0.693-812) and 0.774 (95% CI 0.717-0.832) for GDF-15, NIH-SS and the combination of these variables. The additional use of GDF-15 to NIH-SS ameliorates the model with a net reclassification index of 0.044 (p = 0.541) and integrated discrimination improvement of 0.034 (p = 0.443). Growth-differentiation factor-15 as an acute stroke biomarker independently predicts unfavourable functional 90 day stroke outcome. Discriminatory value in addition to NIH-SS is only modestly distinct.
Introduction
Biomarkers in acute stroke may be an attractive tool to further improve the accuracy of predicting the individual patient's functional outcome. Against the background of the socioeconomic and clinical impact of stroke, an exact prediction of outcome is essential for patients, clinicians and researchers. Despite the strengths of clinical features such as well-established risk factors such as age, stroke severity or traditional cardiovascular risk factors, further refinement via biomarkers may be attractive because of the quick and easy measurement during routine stroke workup. Ideally, such a biomarker would add prognostic information that could otherwise not be obtained easily. Most of the studies that investigated the usefulness of biomarkers in acute stroke settings suffered from small sample sizes and disregarded important clinical features known to influence outcome [16] .
Growth-differentiation factor-15 (GDF-15), a distant member of the transforming growth factor-b cytokine super family, has increasingly been investigated as a prognostic biomarker in patients with cardiovascular diseases [10, 14] . Under normal conditions, GDF-15 is only weakly expressed in cardiovascular tissues, but its production increases sharply in different cardiovascular pathologies [8, 14, 17] . It has been shown to predict adverse cardiovascular events and total mortality beyond established risk factors in patients with cardiovascular diseases such as heart failure or coronary artery disease and in older community-dwelling adults free of known cardiovascular disease. [1, 3, 5] However, as cardiovascular burden may also contribute to functional outcome, biomarkers for cardiovascular disease may also give additional information on neurological functional outcome, as they have shown the most consistent associations with poor stroke outcome [16] .
The aim of this study was to investigate the potential value of GDF-15 in predicting functional outcome after 90 days in a large prospective patient cohort with clinical symptoms of acute ischemic stroke.
Methods

Study design
In a single-center prospective trial (ISRCTN 46104198) [15] , patients with symptoms of stroke starting less than 24 h ago were asked to give written consent for participation in the study. Participants were included after presenting to the Emergency Department of the University of Göttingen between March 2009 and February 2010. All patients received routine stroke care (cerebral imaging, cardiovascular workup including transthoracal echocardiography and Holter electrocardiogram, ultrasound of the brain-supplying arteries and routine blood analysis, including e.g. the lipid profile, C-reactive protein and creatinine levels) on a certified stroke unit.
Blood sampling
Nine ml of blood was drawn for the subsequent analysis of GDF-15 after at least 15 min of rest in the prone position from an antecubital or forearm vein. Samples were immediately centrifuged, and plasma was stored at -80°C in aliquots labelled with patient ID and time of sampling for later analyses. Samples were drawn as soon as possible on presentation (0 h), and after 6 and 24 h to allow for the assessment of temporal trends early after the index event. After unfreezing of the samples, GDF-15 was measured with an electrochemiluminescence immunoassay on an automated ElecsysÓ analyser (Roche Diagnostics GmbH, Mannheim, Germany). All measurements were done in a blinded fashion regarding diagnosis and outcome of the patients.
Clinical variables
Details about baseline patient characteristics have recently been reported [15] . In brief, data such as traditional cardiovascular risk factors were prospectively recorded in a predefined data sheet. Initial stroke severity and outcome after 3 months was assessed by video-trained physicians applying the National Institutes of Health Stroke Scale (NIH-SS) and modified Rankin Scale (MRS) respectively. Classification of stroke aetiology was done by experienced stroke neurologists using the widely accepted TOAST classification scheme.
The primary endpoint was the modified ranking scale assessed 90 days from baseline, defined as good functional outcome (MRS B 1) or ongoing disability (MRS C 2).
This study is in accordance with the Declaration of Helsinki and current ICH/GCP guidelines. Written informed consent was obtained from all participants or relatives. The study was approved by the Ethics Committee of the University of Göttingen.
Statistical analysis
Continuous values are expressed as mean ± SD, and nominal variables as count and percentages. Median values with the corresponding interquartile range (IQR) were computed for non-normally distributed variables. A twosided t test was used for comparison of normally distributed variables and the non-parametric Kruskal-Wallis test for not normally distributed values. For comparisons of categorical data we used two-tailed chi-square statistics with Yates' correction or Fisher's exact test as applicable. Growth-differentiation factor-15 level comparison across different stroke severities (NIH-SS tertiles) was done using the Jonckheere-Terpstra test, which also tests for a monotonous trend across groups. Multiple binominal regression analyses were conducted for those variables with a p \ 0.1 on the univariate level to estimate the potential effect on the prediction of stroke outcome (p to enter = 0.05, p to leave = 0.1) using additive and multiple interaction terms. Receiver-operator characteristics (ROC) curves were drawn and areas under the curves calculated for estimation of incremental prognostic information on functional outcome of the variables, which remained significant after multiple regression analysis. Comparisons of the area under the curves were done using the MedCalc for Windows (version 11.6.1.0, MedCalc Software, Mariakerke, Belgium). Furthermore, the net reclassification index and integrated discrimination improvement of the model were calculated according to the method of Pencina et al. [6, 11] . A p-value of less than 0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS (Version 19, SPSS Inc., Chicago, IL) unless otherwise stated.
Results
Two hundred eighty-one patients consented to participate in the study; one patient withdrew consent. For the present analysis, an additional seven had to be excluded because the diagnosis of suspected ischemic stroke was not confirmed during hospitalisation. One patient was lost to follow-up at day 90, and insufficient data on early blood biomarker sampling led to the exclusion of eight more patients. The characteristics of the 264 patients (mean age 70.3 ± 12.7 years, 55.3% male) included in the final analysis and stratified by 90-day outcome according to the MRS are presented in Table 1 .
After univariate analysis patients with an unfavourable stroke outcome were statistically significantly older (68.1 ± 12.9 vs. 73.2 ± 11.8 years, p \ 0.001), presented with a higher NIH-SS (2 IQR 1-4 vs. 5 IQR 3-9, p \ 0.001) and systolic blood pressure (BP) (140.9 ± 20.9 vs. 147.0 ± 23.8, p = 0.028), and more frequently suffered from diabetes mellitus (17.9 vs. 33.6%, p = 0.003) and coronary heart disease (11.9 vs. 22.1%, p = 0.026). There was a difference according to the aetiology (classified by the TOAST classification scheme) of the stroke (p \ 0.001), with a significantly higher proportion of suspected large artery aetiologies in the group with an unfavourable stroke outcome, whereas there were more strokes of unknown cause in the group with MRS \ 2 after 90 days.
The time interval from the occurrence of clinical stroke symptoms to blood sampling did not differ between the two groups (8.
9 vs. 8.50 ± 2.52 9 10 9 /l, p = 0.154 and 7.49 ± 25.48 vs. 12.57 ± 28.70 mg/l, p = 0.135, respectively). There was a significant increase in GDF-15 levels with rising stroke severity (Jonckheere-Terpstra test p \ 0.005). Growth-differentiation factor-15 levels decreased from the first blood sampling after presentation of the patients to the emergency department to the sampling after 6 and 24 h (1,672 ± 1,709, 1,541 ± 1,293 and 1,458 ± 1,123; p for trend \ 0.001).
After applying binominal multivariate analysis with variables that were imbalanced (p \ 0.1) on the univariate level (age, NIH-SS, rt-PA lysis, BP sys , TOAST classification, diabetes mellitus, coronary heart disease, GDF-15, HDL cholesterol), the variables NIH-SS [odds ratio (OR) 1.269, 95% confidence interval (CI) 1.141-1.412, p \ 0.001] and GDF-15 (OR per 100 ng/l 1.029, 95% CI 1.007-1.053, p = 0.011) remained significant for predicting an unfavourable outcome after 3 months (Table 2) .
Receiver-operating characteristics curve (ROC) for GDF-15, NIH-SS and the combination of the latter for the prediction of a 90-day stroke outcome of MRS [ 1 resulted in a ROC of 0.629 (95% CI 0.558-0.699; p \ 0.001), 0.753 (95% CI 0.693-812; p \ 0.001) and 0.774 (95% CI 0.717-0.832; p \ 0.001), respectively (Fig. 1) . The combination of the two variables yielded a better discriminative power than GDF-15 (p = 0.002) alone, but not more discriminative power than NIH-SS (p = 0.621) on its own.
The net reclassification index of the model with the two variables GDF-15 and NIH-SS improved by 0.044 in comparison to the prediction with NIH-SS alone (p = 0.541); the integrated discrimination improvement of the model with the additional use of GDF-15 was 0.034 (p = 0.443).
Discussion
The aim of our study was to evaluate the value of the novel cardiovascular biomarker GDF-15 for the prediction of functional outcome after 90 days in patients with symptoms of acute cerebral ischaemia. We could demonstrate that GDF-15 levels rise with increasing stroke severity, decreases within the 1st day after the initial symptoms and that GDF-15 is capable of predicting unfavourable stroke outcome. In addition to well-established clinical variables such as the baseline NIH-SS, the additional predictive power of GDF-15 was only modest and non-significant.
Many efforts have been made to investigate different biomarkers to predict functional outcome after stroke, highly relevant information for clinicians, researchers and patients to optimise care and allocation of healthcare resources [7] . However, most of the studies were small and did not adjust for relevant and basic clinical information such as age or stroke severity. Where calculated, their incremental predictive power over e.g. the NIH-SS was only modest or absent [16] . Growth-differentiation factor-15 has been identified as a novel biomarker holding prognostic information in different cardiovascular diseases [5, [8] [9] [10] 17] . Moreover, it has recently been shown to be elevated after experimental brain injury [13] and in a middle cerebral artery occlusion rat model of ischemic stroke [12] . An upregulation of GDF-15 was observed and neurons could be identified as the predominant source of expression, although the exact relevance of this upregulation still remains unclear.
Within our study, we were able to support the assumption that GDF-15 has a potential to predict outcome after stroke. We could demonstrate that GDF-15 levels after acute cerebral ischaemia are elevated, positively correlated with the severity of stroke symptoms and decrease over time, implicating a possible association with the extent of brain tissue damage. Our data confirm a recently published case series of 57 stroke patients, where elevated GDF-15 levels were associated with an adverse outcome after stroke [18] . Now we were able to prove this in a larger patient cohort that was less selected (e.g. patients with thrombolysis were excluded from participation in the former study) and thus translate these provisional findings into a realworld scenario.
The exact role of GDF-15 after stroke is currently being discussed and may rely on different pleiotropic modes of action. Growth-differentiation factor-15 has been hypothesised to be a downstream marker that integrates several different pathways of cardiovascular stress [8] . Apart from its direct association with brain damage [12, 13] , it may therefore be integratively indicative of acute cardiovascular pertubations secondary to the cerebral ischemic event. In this manner, GDF-15 may transport information on stroke severity as well as the cardiovascular consequences that are only partially captured by clinical scores that describe stroke severity. However, it should be kept in mind that GDF-15 is also elevated in other, non-cardiovascular entities [2, 4] . It might therefore be to some extent an unspecific marker for additional non-cardiovascular comorbidities that portend functional impairment.
Despite the strengths of our study we are well aware of some limitations: although data collection was prospective and blinded to the determination of the blood analysis, the current analysis was done in a retrospective fashion and may be subjected to bias. A prospective validation in a larger cohort is therefore recommended.
Our data corroborate that GDF-15 is a potential biomarker in patients with cerebral ischaemia that indicates functional 90-day outcome like the baseline stroke severity expressed by the NIH-SS. We suggest further investigations of GDF-15 in larger cohorts to develop recommendations on how to instrumentalize this promising marker in clinical practice and tailor therapy according to an optimised early risk stratification.
